C urrent systems for automatic focusing of microscopes have a limited focal range and require piezoelectric actuators to achieve the necessary precision. Using only one microscope, the algorithms are generally based on the deviation of the pixel grey level or the pixel energy. These techniques have difficulties when the microscope is far out of focus [1] [2] [3] .
In ref 1 , a focusing criterion called the Dynamic Focus Criterion (DFC) was proposed. This method is based on the calculation of grey level in two images detected through the dynamic contrast histogram. However, when the object is far out of focus, there is little or no contrast to allow efficient application of the DFC. In ref 2 , an auto-focusing system is designed which follows a drifting focus or compensate for a shifted focus while the sample is changing size and position. This is a useful algorithm, but it is more suited for slow-changing events such as division of yeast cells that take about 90 min. In ref 3 , the standard deviation of pixel grey levels is used to generate the feedback signal in an auto-focusing system. Although the technique can be used for submicron focusing, it needs to know the direction that the optics should be moved or it has to be initially nearly focused. Such limitation will not be helpful in application discussed in this paper (see below).
To show the effectiveness of our automatic focusing strategy, we applied it to a scientific instrument used for simulating human alveoli to study its interfacial properties (e.g. surface tension). Alveoli (sac-shaped final branching of respiratory system) are traditionally simulated by the generation of an air bubble in a chamber filled with an aqueous solution 4,5 (see Figure 1) . The experimentalist is generally interested in the study of surface active agents' behaviour at the air-liquid interface. This is typically done by observing the meridian profile of the bubble and analysing its shape using software such as Axisymmetric Drop Shape Analysis-Profile (ADSA-P) 4 to obtain interfacial tension information, and using fluorescence microscopy to closely examine the structural formations of the surfactant molecules at the air-liquid interface.
Such experiments often require expanding and contracting the air bubble to simulate breathing to study the response of the interfacial tension or molecular formations to the simulated breathing action. At all times during expanding and contracting of the bubble, its apex needs to remain at the focus of the fluorescent microscope to allow the study of molecular formations at the air-liquid interface. To date the focusing is done manually and here we propose an automated focusing system based on a PID control algorithm combining both feedforward and feedback control elements.
Automatic focusing methodology
Humans breathe at varying rates depending on many environmental and personal characteristics. In order to simulate these varying conditions the air bubble simulating a human alveolus should be expanded and contracted anywhere from 10 to 30 breathing cycles per minute. The volume of air in the bubble is regulated by a Hamilton Microlab500 computer controlled dispenser (both the volume and its rate of change can be controlled). To keep the apex of bubble as viewed from below (see Figure 1 ) in the focus of the fluorescent microscope objective an active automatic focusing system is needed. The apex is held at a constant distance from the fluorescence microscope objective, by moving the insertion tube into or out of the chamber. The tube/stem is connected to a servomotor (PI model M-232).
The resulting displacement of the bubble apex and its speed are challenging for an automatic focusing system to follow. The challenge is further compounded by the required precision of focusing that needs to be in the order of micrometres due to a limited range of depth of field (DOF) when high magnification objectives are used (e.g. for a 60x objective used the theoretical DOF is about 0.6 µm, however the practical/subjective DOF is about 6 µm). The focus of this paper is on automatic focusing strategy for observation of the air bubble apex as described above as it applied in a scientific instrument for simulation of human alveoli.
A CCD-zoom lens system (low magnification, ~1.5x) is positioned such that it views the meridian profile of the air bubble from a side window of the chamber (Figure 1 ). This camera makes it possible to measure the surface tension, volume and surface area of the bubble as well as the location of its apex (e.g. by image processing routines such as ADSA-P 7 ). The location of the apex is used for the feedback control system of the servomotor in real time. This servomotor moves the insertion tube to keep the bubble's apex in a constant position (focus). The servomotor moves the insertion tube away from the fluorescence microscope objective as the bubble expands, and back towards it as the bubble shrinks (i.e. only the vertical position of the apex needs to be controlled.
Algorithm for determination of apex position
The automatic focus algorithm is based on the image acquired from the CCD-zoom lens assembly (to speed up the processing only a region of interest (ROI) around the general location of the apex was analysed). To find the apex location (vertical coordinate), first a thresholding operation is done on the image to determine the location of the drop edge. To speed up the processing, a complete thresholding is not performed, instead the algorithm looks at the greyscale change as it scans the image in the vertical direction, Y. The position of the apex (the pixel with highest Y value along drop edge) for the initial bubble is stored in memory.
The subsequent apex locations as a result of bubble contraction or expansion are found in the same manner and compared to the initial position as the input for feedback control. Ideally the apex would not move, so the difference between these successive apex positions is recorded as the positional error and used in the proportional integration derivative (PID) control system for the servomotor.
Position control
The insertion tube is positioned by a Physik Instrument M-232 servomotor which has a range of travel of 17 mm with a minimum step size of 0.1 µm. The servomotor is be operated by a closed-loop PID control system in order to attain the high accuracy required to keep the apex of the bubble in focus of the high-magnification fluorescence microscope objective. The control system combines both feedback control based on the position of the apex and feedforward control based on the velocity of the dispenser's piston. Figure 2 shows the block diagram of the control loop. The feedforward control strategy is necessary as a countermeasure to the closed-loop inherent delay due to the slow speed of image processing. In other words, the image processing algorithm propagates a 35 milliseconds delay in the system which is compensated via a feedforward control command.
Simulation
Using Matlab ® (Mathworks) the system was simulated to verify the effectiveness of the control algorithm and to optimise the control gains. To compare the effect of using feedforward on the response of the system, the simulation was also run without feedforward. Several responses with feedforward and different PID gains were compared to a response without feedforward control.
Feedforward significantly improved the response time. The optimised PID gains were found to be K p = 80, K i = 13, and K d = 10. Table 1 lists the time delay (t d ), settling time (t s ) and peak time (t p ) with and without feedforward control using the optimized gains. All these parameters are improved with the addition of feedforward control into the control algorithm.
Feedforward strategy and PID gain scheduling
The image processing system used to detect the position of the apex is advantageous in that it is a non-contact remote sensing means, has a wide measuring range, it is cost-effective and easy to calibrate in comparison with, say, laser sensors.
The main disadvantage of the image processing system is the amount of processing time which delays the feedback signal in real-time processing. The effect of feedback delay can be significantly eliminated by using a feedforward compensator. Therefore, the system is controlled by the feedforward control for the first third of each breathing cycle, after which feedback control takes over and continues to control the system. The switching time between feedforward and feedback control systems is found experimentally.
Equation 1 expresses the control law for the feedforward signal. In this equation V T is the velocity of the insertion tube, K FF is the feedforward gain, V D is the dispenser piston velocity, L D is the length of the dispenser piston stroke and C is the user-adjustable variable-varied from 100 to 300 in the experiments.
(1)
The feedback portion of the control system is based on the common PID equation relating the output voltage (V) that controls the insertion tube position to the error (e), both of them functions of time (Equation 2). In this equation, K P , K I and KD are respectively the proportional, integrator and derivative control gains. 
ters are changed during operation 6, 7 . This is overcome by altering the gain values based on the error (Equation 3) . The values were obtained experimentally by trial and error.
Experimental results
The CCD-zoom lens assembly provides a convenient source of visual confirmation of the control system's operation. A comprehensive control package is possible by integrating control of the breathing parameters, control gains and manual overrides with the real-time image data. This allows the bubble position and error to be observed in real time (Figure 3) .
Several experiments were conducted to evaluate the performance of the system by varying stroke, cycle, speed, and pause time. The error is approximately steady during a cycle and slightly decreases when the pause time is increased. This is because the integration gain, K i , works better for longer cycle times. The speed and stroke did not affect the error magnitude (approximately ± 3 pixels; pixel size is between 2 and 12 µm depending on the zoom level. Obviously at the lowest zoom the present scheme with the current camera (0.3 megapixel) will not successfully focus on the apex, but this can be easily improved by using a better camera). Figure 4 shows actual pictures taken by the fluorescence microscope during operation. It clearly demonstrates that the automatic focusing system works; however, it can still be improved by reducing the error. The error can be reduced by better hardware, i.e. using a faster servomotor and a faster image capturing with higher resolution for the CCD-zoom lens assembly. 
Summary and conclusions
This paper presented an automatic focusing system for the microscopic study of dynamic objects with large displacements. As an application of the system, a prototype was developed and implemented for a scientific instrument simulating human alveoli. The alveoli are modelled by producing an air bubble at the end of a tube inside a chamber filled with an aqueous solution.
The size of the air bubble is time-varying according to the cycle of human aerating. The vertical position of the bubble apex as observed by a low-magnification zoom system is used by a feedback algorithm to keep the bubble in the focal plane of a high magnification fluorescence microscope. As bubble volume changes, focusing on the bubble apex is achieved by controlling the insertion of the tube into the chamber with a servomotor based on scheduled tuning PID control algorithm. This adjustable control algorithm, combining both feedforward and feedback control elements, achieves precision movement without the need for additional actuators. Simulations and experiments were conducted to verify the effectiveness of the automatic focusing, and showed satisfactory results.
